Colorectal cancer (CRC) is the third most common cancer in the world. An estimated 1.36 million people worldwide were diagnosed with CRC in 2012, accounting for approximately 10% of total cancer cases.([@b1]) Surgery, chemotherapy, and radiotherapy are the primary treatments for CRC.([@b2]) However, long-term survival rates remain extremely poor. In particular, development of drug resistance by human CRC cells is a primary cause of therapy failure, an outcome that usually leads to death.([@b3]) Therefore, it is critical to define mechanisms underlying development of drug resistance by tumor cells.

Inflammation plays a key role at various stages of CRC development, including initiation, growth, proliferation, survival, invasion, and metastasis. Recently, we reported that angiopoietin-like protein 2 (ANGPTL2) acts as a chronic inflammatory mediator in various oncogenic settings.([@b4]--[@b6]) For example, we showed that increased ANGPTL2 expression in skin tissues promotes inflammation and accelerates carcinogenesis in a chemically-induced skin squamous cell carcinoma mouse model by increasing susceptibility to "preneoplastic change" and "malignant conversion."([@b7],[@b8]) We have also shown that lung and breast tumor cells expressing ANGPTL2 show high metastatic potential and acquire invasive and high motility phenotypes.([@b9]) However, it remains unclear whether ANGPTL2 functions in development of resistance to antitumor chemotherapy.

The spleen tyrosine kinase (Syk) is a 72-kDa non-receptor tyrosine kinase that is most highly expressed in hematopoietic cells,([@b10]) and Syk signaling was initially thought to be restricted to the immune response. However, Syk-deficient embryos show defects in lymphatic vascular development, and Syk is now believed to function in multiple activities.([@b10]) Syk activation also initiates cell survival signals, including phosphoinositide 3-kinase (PI3K), nuclear factor-κB (NF-κB), ERK--MAPK, and nuclear factor of activated T cells (NFAT) pathways.([@b10],[@b12],[@b13])

In the present study, we investigated whether ANGPTL2 expression affects tumor cell death by treating CRC cells with antineoplastic drugs. We found that ANGPTL2 overexpression in SW480 cells reduced apoptotic cell death induced by treatment with the cytotoxic drug 5-fluorouracil (5-FU). Furthermore, expression of anti-apoptotic BCL-2 and BCL-XL was upregulated in SW480/ANGPTL2 cells in response to Syk-dependent activation of PI3K and NF-κB. Collectively, our findings provide strong evidence that ANGPTL2 activates an anti-apoptotic pathway in tumor cells treated with cytotoxic drugs, suggesting that ANGPTL2 overexpression in those cells constitutes a mechanism underlying drug resistance.

Materials and Methods
=====================

Cell culture
------------

The human CRC cell line SW480, which was purchased from the ATCC (Manassas, VA, USA), was cultured in Leibovitz\'s medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FCS at 37°C in a humidified 5% CO~2~ atmosphere.

Plasmid transfection
--------------------

To create stably transfected SW480 cells, *ANGPTL2* or control vectors([@b9]) were transfected into cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s protocol. Transfected lines were selected in 400 μg/mL G418 (Merck KGaA, Darmstadt, Germany).

Quantitation of ANGPTL2 protein by ELISA
----------------------------------------

Human CRC cell lines were grown to confluency. The medium was then changed, cells were maintained for 24 h, and then medium was collected to quantify ANGPTL2 protein by ELISA. ANGPTL2 concentrations in the medium were estimated using an ANGPTL2 Assay Kit (IBL, Fujioka, Japan) according to the manufacturer\'s instructions.

Proliferation assay
-------------------

A viability assay was carried out using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Five thousand cells were added to a 96-well plate and incubated for 24 h. To investigate cell growth *in vitro* at 24, 48 and 72 h after seeding, 10 μL Cell Counting Kit-8 reagent was added to each well, plates were incubated for 3 h, and the optical density at 450 nm was measured. For the growth inhibition assay, the experiment was done in a similar manner after treatment with or without 10 μg/mL the following reagents: 5-FU (Wako, Osaka, Japan), CPT-11 (irinotecan; ChromaDex, Irvine, CA, USA), CDDP (cisplatin; Wako), or MMC (mitomycin C; Wako).

Flow cytometry analysis of apoptosis
------------------------------------

Cells were plated for 24 h before induction of apoptosis. After treatment with or without 5-FU, CPT-11, CDDP, or MMC (10 μg/mL each), cells were detached with Accutase (Sigma-Aldrich, St. Louis, MO, USA) and double-stained with annexin V--FITC (eBioscience, San Diego, CA, USA) and 7-amino-actinomycin D (7-AAD; Beckman Coulter, Brea, CA, USA), according to the manufacturer\'s protocol. Samples were immediately analyzed by FACSCalibur using CellQuest (BD Biosciences, Franklin Lakes, NJ, USA) and FlowJo software (Tree Star, Ashland, OR, USA). The apoptosis proportion was defined as the percentage of the annexin V--FITC-positive cells among total cells.

Real-time quantitative RT-PCR
-----------------------------

Total RNA was isolated from cells using TRIzol reagent (Invitrogen). DNase-treated RNA was reverse-transcribed with a PrimeScript RT reagent Kit (Takara Bio, Otsu, Japan). The PCR products were analyzed using a Thermal Cycler Dice Real Time System (Takara Bio), and relative transcript abundance was normalized to that of 18S mRNA. Oligonucleotides used for PCR are listed in [Table S1](#SD6){ref-type="supplementary-material"}.

Immunoblot analysis and antibodies
----------------------------------

Cells were homogenized in lysis buffer (10 mM NaF, 1 mM Na3VO4, 1 mM Na4P2O7, 1 mM EDTA, 150 mM NaCl, 20 mM HEPES-KOH, 1% Triton X-100, pH 7.4). Extracts derived from supernatants were subjected to SDS-PAGE, and proteins were electrotransferred to nitrocellulose membranes. Immunodetection was carried out using an ECL kit (GE Healthcare, Little chalfont, Buckingham shire, UK) according to the manufacturer\'s protocol. The following antibodies were purchased: goat anti-hANGPTL2 polyclonal antibody from R&D Systems (Minneapolis, MN, USA), mouse anti-Hsc70 mAb from Santa Cruz Biotechnology (Dallas, TX, USA), and rabbit anti-Syk, mouse anti-phospho-Syk, rabbit anti-BCL-2, and rabbit anti-BCL-XL mAbs from Cell Signaling Technology (Danvers, MA, USA). A rabbit anti-GAPDH polyclonal antibody was purchased from Imgenex (San Diego, CA, USA).

Immunohistochemical staining
----------------------------

For NF-κB p65 staining, cells were fixed in acetone and ethanol (1:1) for 20 min, and then non-specific binding was minimized by blocking with 2% BSA. Cells were incubated with anti-NF-κB p65 polyclonal antibodies or anti-NFATc3 polyclonal antibodies (both from Santa Cruz Biotechnology) at 1 μg/mL and then with Alexa 488-conjugated anti-rabbit antibodies (Invitrogen). Nuclei were counterstained with DAPI (Funakoshi, Tokyo, Japan). The proportion of cells showing nuclear staining for the NF-κB subunit p65 was calculated as a percentage of DAPI-positive total cells in four random fields of view per cell line.

Nuclear factor-κB and PI3K inhibition assay
-------------------------------------------

For treatment with the NF-κB inhibitor BAY11-7085 (Sigma-Aldrich), cells were incubated with 10 μM BAY11-7085 under serum-free conditions for 1 h and then cultured in normal growth medium for 24 h. For studies using the PI3K inhibitor LY294002 (Sigma-Aldrich), cells were incubated with 50 μM LY294002 for 24 h in normal growth medium.

RNA sequencing
--------------

Sample libraries from SW480/ANGPTL2-1 and SW480/Ctrl cells were prepared using a TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA, USA), and sequencing runs were carried out on an Illumina Genome Analyzer IIx; 38-bp reads were mapped to the human genome (hg19 from the UCSC genome browser database at <https://genome.ucsc.edu/>) using TopHat version 2.0.0.([@b14]) Only reads with a Phred quality score ≥25 were analyzed. For filtering rRNA and tRNA, the BEDtools package([@b15]) was used with rRNA and tRNA annotations downloaded from the UCSC table browser.

To evaluate differential expression, expression data was normalized, and gene annotations were added using RegionMiner with Genomatix Genome Analyzer software (Genomatix, Munich, Germany) software. The normalized expression value (NE-value) is based on the following formula:([@b16])

To summarize NE-value information in individual genes, the mean of NE-values were calculated from all transcripts in a gene. Then we calculated the log2-transformed fold changes between SW480/ANGPTL2-1 and SW480/Ctrl cells.

Syk knockdown
-------------

SW480 cells were reseeded in six-well plates (AGC Techno Glass, Yoshida, Japan) with Syk siRNA (SYK \[ID 6850\] Trilencer-27 human siRNA; OriGene, Rockville, MD, USA). As a control, we used Trilencer-27 Universal Scrambled Negative Control (OriGene). Apoptosis was then analyzed by FACSCalibur using CellQuest and FlowJo software after 5-FU treatment (10 g/mL). Total protein was extracted for immunoblot analysis, and Syk protein expression after 72 h of incubation was analyzed.

Flow cytometry analysis of integrin expression
----------------------------------------------

Cells were incubated with 10 μg/mL anti-α5β1 (JBS5), anti-αvβ3 (LM609), anti-αvβ5 (P1F6) (all Millipore, Temecula, CA, USA), anti-α4 (2B4) and anti-β2 (both R&D Systems), or respective isotype-matched control IgG for 30 min at 4°C. After washing, cells were incubated with 5 μg/mL FITC-conjugated goat anti-mouse IgG for another 30 min at 4°C, washed twice, and then analyzed by FACS using CellQuest software.

Adhesion assay
--------------

Assays were carried out as described.([@b4]) In brief, 96-well flat-bottomed plates (MaxiSorp; Nunc, Roskilde, Denmark) were coated overnight at 4°C with various concentrations of ANGPTL2 protein and blocked with 3% BSA in PBS for 1 h at 37°C. Cells were diluted to 10^5^ cells/mL in serum-free medium and pre-incubated for 30 min at 37°C with or without the following inhibitors: anti-α5β1 (JBS5), anti-αvβ5 (P1F6) (Millipore), RGD or RGE peptide (Sigma-Aldrich). Cell suspensions were seeded into wells of coated plates and incubated at 37°C for 2 h. Non-adherent cells were removed by gentle washing with PBS, and then adherent cells were fixed with 4% paraformaldehyde in PBS for 30 min and stained with 0.5% crystal violet in 25% methanol for 30 min. Plates were rinsed with tap water, stained cells were solubilized in 1% SDS, and the OD595 values were determined.

Characterization of patient samples
-----------------------------------

A total of 232 consecutive patients with unresectable CRC underwent systemic chemotherapy at Kumamoto University Hospital (Kumamoto, Japan) between April 2005 and December 2013. Patients received oxaliplatin- or irinotecan-based chemotherapy. We then obtained paraffin-embedded tumor samples from biopsy specimens of primary tumors from 92 patients enrolled in the study. Immunohistochemical staining of ANGPTL2 was performed as described.([@b9]) Data collected from inpatient and outpatient records included demographic data (age and sex), tumor-specific data (tumor location, timing of metastases, and carcinoembryonic antigen levels at diagnosis), pathologic data (differentiation of primary tumor), and survival data (relapse-free survival and overall survival). We assessed the objective response according (ORR) to RECIST version 1.1 (PAREXEL, Waltham, MA, USA), and progression-free and overall survival using the Kaplan--Meier method, and compared them with log--rank tests using a significance level of 0.05. This study was approved by the Ethics Committees of Kumamoto University. Written informed consent was obtained from each subject.

Results
=======

Expression of ANGPTL2 decreases 5-FU-induced apoptosis of colorectal cancer cells
---------------------------------------------------------------------------------

To assess a potential role for ANGPTL2 in enhancing survival of CRC cells treated with antineoplastic drugs, we established two independent SW480 lines constitutively expressing ANGPTL2 (SW480/ANGPTL2-1 and -2) and a control line expressing vector only (SW480/Ctrl). Western blotting and ELISA analyses confirmed that both SW480/ANGPTL2-1 and -2 cells showed similarly enhanced expression of ANGPTL2 protein in both cell lysates and in culture medium relative to SW480/Ctrl cells (Fig. [1](#fig01){ref-type="fig"}a,b). However, we observed no significant difference in proliferation among all three lines at 24, 48 and 72 h after plating (Fig. [1](#fig01){ref-type="fig"}c), indicating that ANGPTL2 protein secreted by CRC cells does not alter proliferation under normal growth conditions. Next, we carried out a cell viability assay 24 h after treatment of CRC cells with the apoptosis-inducing drug 5-FU.([@b17]) Constitutive ANGPTL2 expression in SW480/ANGPTL2-1 and -2 cells increased cell viability following 5-FU treatment relative to control drug-treated control cells (SW480/Ctrl) (Fig. [1](#fig01){ref-type="fig"}d). Thus, we used flow cytometry to evaluate the proportion of apoptosis following 5-FU treatment using double-staining with annexin V and 7-AAD. That proportion significantly decreased in SW480/ANGPTL2-1 or -2 compared to SW480/Ctrl cells (Fig. [1](#fig01){ref-type="fig"}e). We also examined cell viability after treatment of cells with other antineoplastic drugs used to treat CRC, including irinotecan (CPT11), cisplatin (CDDP), and mitomycin C (MMC),([@b2],[@b18]) and observed similar results ([Fig. S1](#SD1){ref-type="supplementary-material"}). These findings suggest that constitutive expression of ANGPTL2 in SW480 cells increases their chemoresistance by inhibiting apoptosis.

![Angiopoietin-like protein 2 (ANGPTL2) expression decreases 5-fluorouracil (5-FU)-induced apoptosis in colorectal cancer cells. (a) Representative images showing Western blot analysis of SW480 control cells (SW480/Ctrl) and ANGPTL2-expressing SW480 cells (SW480/ANGPTL2-1 and -2) with an ANGPTL2 antibody. Hsc70 serves as an internal control. (b) ANGPTL2 protein concentrations in the culture medium of SW480/Ctrl, SW480/ANGPTL2-1, and SW480/ANGPTL2-2 cells (*n* = 3). (c) The relative number of proliferating cells (SW480/Ctrl, SW480/ANGPTL2-1, and SW480/ANGPTL2-2) at indicated time points during *in vitro* culture (*n* = 3). (d) Percentage of viable cells among non-treated (left) or 5-FU treated (right) SW480/Ctrl, SW480/ANGPTL2-1, or SW480/ANGPTL2-2 cells (*n* = 4). (e) FACS analysis of apoptotic cells among non-treated (upper) or 5-FU-treated (lower) SW480/Ctrl, SW480/ANGPTL2-1, or SW480/ANGPTL2-2 cells based on analysis of 7-aminoactinomycin D (7-AAD) and annexin V. Right panels show quantitative analysis of the percentage of apoptotic (annexin V-positive) cells (*n* = 3). Error bars show SEM. \*\**P* \< 0.01.](cas0105-1550-f1){#fig01}

Expression of anti-apoptotic BCL-2 family genes upregulated by ANGPTL2
----------------------------------------------------------------------

The BCL-2 family is a key regulator of programmed cell death.([@b11]) It is comprised of both pro- and anti-apoptotic proteins, and the latter (BCL-2, BCL-XL and MCL-1) reportedly inhibit 5-FU-induced apoptosis in CRC cells.([@b19]) Therefore, we examined the expression of BCL-2 family mRNAs in SW480/ANGPTL2-1 and -2 cells or SW480/Ctrl cells. Real-time PCR and Western blot analyses revealed upregulated expression of anti-apoptotic *BCL-2* and *BCL-XL* in SW480/ANGPTL2-1 and -2 cells relative to SW480/Ctrl cells; however, we observed no significant difference in expression of *MCL-1* or pro-apoptotic *BAX* or *BAD* among groups (Figs [2](#fig02){ref-type="fig"}a,S2). Recently, several reports suggested that a high *BCL-2/BAX* or *BCL-XL/BAX* ratio is positively correlated with progression of several diseases or malignant tumors and that the *BCL-2/BAX* ratio may serve as a prognostic marker for patients with rectal carcinomas.([@b19],[@b20]) Therefore, we analyzed that ratio in SW480/ANGPTL2-1, SW480/ANGPTL2-2, and SW480/Ctrl cells and found that *BCL-2/BAX* and *BCL-XL/BAX* ratios were greater in both ANGPTL2-overexpressing lines than they were in controls (Fig. [2](#fig02){ref-type="fig"}b).

![Angiopoietin-like protein 2 (ANGPTL2) induces expression of anti-apoptotic BCL-2 family members. (a) Relative mRNA expression of the anti-apoptotic BCL-2 family members *BCL-2* (left) and *BCL-XL* (middle) and of pro-apoptotic *BAX* (right) in SW480/ANGPTL2-1, SW480/ANGPTL2-2, or SW480/Ctrl cells. Data from SW480/Ctrl was set at 1 (*n* = 3). (b) *BCL-2/BAX* and *BCL-XL/BAX* ratios in SW480/Ctrl, SW480/ANGPTL2-1, or SW480/ANGPTL2-2 cells (*n* = 3). Error bars show SEM. \**P* \< 0.05; \*\**P* \< 0.01. n.s., no statistically significant difference.](cas0105-1550-f2){#fig02}

ANGPTL2 antagonizes apoptosis by increasing Syk expression
----------------------------------------------------------

To examine signaling downstream of ANGPTL2 that might induce anti-apoptotic genes, we carried out RNA sequencing analysis of SW480/ANGPTL2-1 and SW480/Ctrl cells (Fig. [3](#fig03){ref-type="fig"}a). We found that levels of 10 transcripts, including ANGPTL2 itself, were markedly increased in SW480/ANGPTL2-1 compared with SW480/Ctrl cells. As BCL-2 and BCL-XL were induced more robustly in SW480/ANGPTL2 compared to SW480/Ctr cells (Fig. [2](#fig02){ref-type="fig"}), we checked their expression by RNA sequencing but did not observe significant induction of either gene using this method. However, we observed upregulation of Syk, which plays a role in cell survival,([@b10],[@b12],[@b13]) in SW480/ANGPTL2 cells. Real-time PCR analysis validated that Syk expression levels in SW480/ANGPTL2-1 and -2 cells increased compared with levels seen in control SW480/Ctrl cells (Fig. [3](#fig03){ref-type="fig"}b). Tyrosine phosphorylation is required to activate Syk kinase activity and function.([@b21]) Thus, we examined Syk activity in SW480/ANGPTL2-1 and -2 versus control cells by Western blotting with a phospho-Syk antibody. Syk expression and phosphorylation was markedly increased in SW480/ANGPTL2-1 and -2 cells compared with SW480/Ctrl cells (Fig. [3](#fig03){ref-type="fig"}c), suggesting that the enhanced cell survival activity seen in both lines is due to Syk upregulation and activation. Next, we asked whether Syk knockdown by siRNA in ANGPTL2-expressing SW480 cells would reduce cell viability or induce cell apoptosis following 5-FU treatment. We confirmed Syk knockdown levels in SW480/ANGPTL2-1 cells by Western blot analysis. Total Syk and phospho-Syk protein were concomitantly reduced by knockdown (Fig. [3](#fig03){ref-type="fig"}d). We observed no significant difference in proliferation between knockdown versus scrambled control cells at 24, 48 or 72 h after plating in normal growth conditions (Fig. [3](#fig03){ref-type="fig"}e). However, Syk knockdown cells (siRNA/A, B, and C) showed decreased viability following 5-FU treatment compared with scrambled control (siRNA Scr) cells (Fig. [3](#fig03){ref-type="fig"}f). In addition, the proportion of apoptosis significantly increased in siRNA/A, B, and C cells compared to siRNA Scr cells (Fig. [3](#fig03){ref-type="fig"}g). Thus, we conclude that Syk upregulation and activation enhances cell survival in ANGPTL2-overexpressing CRC cells.

![Angiopoietin-like protein 2 (ANGPTL2) blocks SW480 cell apoptosis by increasing spleen tyrosine kinase (Syk) expression. (a) Genes increased in SW480/ANGPTL2-1 cells based on RNA sequencing analysis. Data are log2 fold-change relative to SW480/Ctrl cells. (b) Relative *Syk* mRNA expression in SW480/Ctrl, SW480/ANGPTL2-1, or SW480/ANGPTL2-2 cells. Data from SW480/Ctrl cells was set at 1 (*n* = 3). (c) Western blotting analysis of Syk, phosphorylated Syk (p-Syk), and Hsc70 in SW480/Ctrl, SW480/ANGPTL2-1, and SW480/ANGPTL2-2 cells. Hsc70 serves as an internal control. (d) Western blot analysis of Syk, p-Syk, and Hsc70 in SW480/ANGPTL2-1 cells transduced with three Syk siRNAs (A, B, or C) or with control siRNA (Scr). Hsc70 serves as an internal control. (e) The relative number of proliferating cells (SW480/ANGPTL2-1/Scr, SW480/ANGPTL2-1/A, SW480/ANGPTL2-1/B, or SW480/ANGPTL2-1/C cells) at indicated time points of *in vitro* culture (*n* = 4). (f) Percentage of viable cells remaining after 5-fluorouracil (5-FU) treatment of SW480/ANGPTL2-1/Scr, SW480/ANGPTL2-1/A, SW480/ANGPTL2-1/B, or SW480/ANGPTL2-1/C cells (*n* = 4). (g) Quantitative analysis of the proportion of apoptotic cells following 5-FU treatment of SW480/ANGPTL2-1/Scr, SW480/ANGPTL2-1/A, SW480/ANGPTL2-1/B, or SW480/ANGPTL2-1/C cells based on annexin V staining (*n* = 3). Error bars show SEM. \**P* \< 0.05; \*\**P* \< 0.01.](cas0105-1550-f3){#fig03}

ANGPTL2 activates the PI3K--NF-κB pathway and induces expression of anti-apoptotic BCL-2 family members
-------------------------------------------------------------------------------------------------------

Nuclear factor-κB induces BCL-2 family member genes([@b22]) and is known to be activated by Syk signaling.([@b10]) To further investigate molecular mechanisms underlying ANGPTL2 anti-apoptotic activity, we examined NF-κB activation in SW480/ANGPTL2-1 cells and SW480/Ctrl cells by staining with a p65 antibody (Fig. [4](#fig04){ref-type="fig"}a). Analysis of staining distribution indicated that the proportion of NF-κB subunit p65 found in the nucleus increased in SW480/ANGPTL2 cells compared with control cells, which showed largely cytoplasmic staining (Fig. [4](#fig04){ref-type="fig"}a,b). It has been reported that PI3K activates the NF-κB pathway and induces survival signals.([@b23]) To investigate whether NF-κB activation in SW480/ANGPTL2 cells was due to activation of the PI3K pathway, we assessed p65 translocation to the nucleus in the presence of the PI3K inhibitor LY294002. Treatment of SW480/ANGPTL2-1 cells with LY294002 significantly decreased the proportion of nuclear NF-κB relative to untreated cells (Fig. [4](#fig04){ref-type="fig"}a,c). When we asked whether *Syk* knockdown would alter NF-κB nuclear translocation in SW480/ANGPTL2-1 cells, we found that knockdown decreased NF-κB nuclear translocation relative to that seen in Scr control cells ([Fig. S3](#SD3){ref-type="supplementary-material"}a). Taken together, these results suggest that ANGPTL2 overexpression promotes nuclear translocation of NF-κB through the Syk--PI3K pathway in CRC cells.

![Induction of anti-apoptotic BCL-2 family members occurs through phosphoinositide 3-kinase--nuclear factor-κB (PI3K--NF-κB) signaling. (a) Nuclear translocation of NF-κB p65 in SW480/Ctrl and SW480/ANGPTL2-1 cells. Nuclei were counterstained with DAPI. Arrowheads indicate overlap of p65 and DAPI staining. Scale bar = 50 μm. (b,c) Quantification of p65-positive nuclei in (a). The proportion of cells showing nuclear staining for the NF-κB subunit p65 was calculated as a percentage of DAPI-positive total cells in four random fields of view per cell line (*n* = 4). (d) Relative mRNA expression of the anti-apoptotic BCL-2 family members *BCL-2* (left) and *BCL-XL* (right) in SW480/Ctrl or SW480/ANGPTL2-1cells, either non-treated (Ctrl) or treated with NF-κB (BAY) or PI3K (LY) inhibitors. Data from non-treated SW480/Ctrl cells was set at 1 (*n* = 3). (e) Percentage of viable SW480/ANGPTL2-1 cells treated with or without various combinations of 5-fluorouracil (5-FU), BAY11-7085 (BAY), and LY294002 (LY) (*n* = 4). (f) Quantitative analysis of the proportion of apoptotic cells seen among SW480/ANGPTL2-1cells treated with or without various combinations of 5-FU, BAY, and LY based on FACS analysis (*n* = 3). Error bars show SEM. \*\**P* \< 0.01. n.s., no statistically significant difference.](cas0105-1550-f4){#fig04}

To determine whether upregulation of *BCL-2* and *BCL-XL* in ANGPTL2-overexpressing cells correlates positively with PI3K and NF-κB activation, we treated SW480/ANGPTL2-1 cells with the NF-κB inhibitor BAY11-7085 or the PI3K inhibitor LY294002 and assessed levels of *BCL-2* and *BCL-XL* mRNAs by real-time PCR. We confirmed that BAY11-7085 treatment suppresses expression of the NF-κB targets interleukin-1β and tumor necrosis factor-α using real-time PCR analysis ([Fig. S3](#SD3){ref-type="supplementary-material"}b). We observed that *BCL-2* and *BCL-XL* upregulation in SW480/ANGPTL2 cells was suppressed by treatment with either BAY11-7085 or LY294002 (Figs [4](#fig04){ref-type="fig"}d,S3c). Furthermore, treatment of SW480/ANGPTL2-1 cells with BAY11-7085 or LY294002 decreased cell viability following 5-FU treatment (Fig. [4](#fig04){ref-type="fig"}e), and the proportion of apoptosis induced by 5-FU significantly increased in the presence of either inhibitor (Fig. [4](#fig04){ref-type="fig"}f). These results suggest that ANGPTL2 activates PI3K/NF-κB signaling to induce expression of the anti-apoptotic BCL-2 family members BCL-2 and BCL-XL.

Next, we examined how ANGPTL2 activates Syk-PI3K-NF-κB signaling. We previously reported that ANGPTL2 binds to integrin α5β1 and activates NF-κB signaling.([@b4]) In addition, another group reported that ANGPTL2 binds to leukocyte Ig-like receptor B2 (LILRB2) and promotes expansion of human hematopoietic stem cells.([@b24]) Thus, we asked whether SW480 cells express integrins or LILRB2. Although LILRB2 was not expressed in SW480 cells ([Fig. S4](#SD4){ref-type="supplementary-material"}a), integrin α5β1 and αvβ5 were ([Fig. S4](#SD4){ref-type="supplementary-material"}b). Thus, we analyzed cell adhesion in the presence of a series of function-blocking antibodies for specific integrins. Neutralizing antibodies for integrin α5β1 and αvβ5 inhibited SW480 cell adhesion to ANGPTL2-coated plates, as did RGD peptide, which blocks RGD-dependent integrins ([Fig. S4](#SD4){ref-type="supplementary-material"}c). These results confirm that ANGPTL2 binds integrin α5β1 and αvβ5 in SW480 cells. However, when we tested whether neutralizing antibody for integrin α5β1 or αvβ5 blocked Syk induction in SW480/ANGPTL2 cells, we did not observed suppression of Syk induction. We conclude, therefore, that an unknown ANGPTL2 receptor mediates Syk induction in CRC.

ANGPTL2 positively regulates itself by activating the Syk--NFAT pathway in colorectal cancer cells
--------------------------------------------------------------------------------------------------

Syk reportedly activates NFAT signaling.([@b25]) In addition, we previously reported that NFATc induces ANGPTL2 expression in tumor cells.([@b10]) These findings suggest that ANGPTL2 increases its own expression through Syk--NFAT signaling. To examine this possibility, we evaluated transcript levels of NFATc family genes in SW480/ANGPTL2-1 or SW480/Ctrl cells by real-time PCR. Our analysis showed that SW480 cells express *NFATc3* mRNA rather than other *NFATcs* (Fig. [5](#fig05){ref-type="fig"}a). In normal conditions, inactive NFATc proteins are cytoplasmic.([@b26]) When cells are activated, intracellular Ca^2+^ concentrations increase and NFATc proteins move to the nucleus to activate target genes, including ANGPTL2.([@b9]) Therefore, we examined intracellular localization of NFATc3 in SW480/ANGPTL2-1 or SW480/Ctrl cells. NFATc3 nuclear staining was more apparent in SW480/ANGPTL2 cells compared to control cells (Fig. [5](#fig05){ref-type="fig"}b), suggesting that NFATc3 is activated in ANGPTL2-overexpressing cells.

![Angiopoietin-like protein 2 (ANGPTL2) positively regulates itself by activating the spleen tyrosine kinase--nuclear factor of activated T cells (Syk--NFAT) pathway in colorectal cancer cells. (a) Relative mRNA expression of *NFAT* family members in SW480/Ctrl, SW480/ANGPTL2-1, or SW480/ANGPTL2-2 cells (*n* = 3). (b) Nuclear translocation of NFATc3 in SW480/Ctrl or SW480/ANGPTL2-1 cells. Nuclei were counterstained with DAPI. Arrowheads indicate overlap of NFATc3 and DAPI staining. Scale bar = 50 μm. (c) Relative expression of endogenous *ANGPTL2* mRNA in SW480/Ctrl or SW480/ANGPTL2-1 cells, either non-treated (control) or treated with the NFAT inhibitor cyclosporin A (CsA) (*n* = 3). Data from non-treated SW480/Ctrl cells was set at 1. Error bars show SEM. \*\**P* \< 0.01.](cas0105-1550-f5){#fig05}

We next examined whether ANGPTL2 autoregulates its own expression. To detect endogenous ANGPTL2 mRNA, we used primers recognizing the ANGPTL2 3′-UTR, as those regions are absent in the ANGPTL2 expression vector. We found that expression of endogenous *ANGPTL2* in SW480/ANGPTL2-1 cells was 4.7-times greater than it was in SW480/Ctrl cells (Fig. [5](#fig05){ref-type="fig"}c, left columns). Increased expression of endogenous *ANGPTL2* seen in those cells was effectively suppressed by treatment with cyclosporin A, which inhibits calcineurin and suppresses NFAT activation (Fig. [5](#fig05){ref-type="fig"}c, right columns). *BCL-2* mRNA expression was minimally affected by cyclosporin A treatment ([Fig. S5](#SD5){ref-type="supplementary-material"}). Overall, these results suggest that ANGPTL2 increases expression of itself through a feedback loop by activating the Syk--NFAT pathway in CRC cells.

Higher ANGPTL2 expression in primary tumor tissues from colorectal cancer patients reflects a lower ORR
-------------------------------------------------------------------------------------------------------

We next carried out ANGPTL2 immunostaining using tissues from 92 CRC patients with unresectable tumors in order to correlate ANGPTL2 expression with the ORR to chemotherapy (Fig. [6](#fig06){ref-type="fig"}, [Table S2](#SD6){ref-type="supplementary-material"}). Patients were placed into high- and low-ANGPTL2 groups: the high group showed ≥50% of ANGPTL2-positive tumor cells and the low showed \<50% (Fig. [6](#fig06){ref-type="fig"}a). The percentage of patients who showed a response to chemotherapy was significantly lower in the high-ANGPTL2 than the low-ANGPTL2 group (Fig. [6](#fig06){ref-type="fig"}b, *P* \< 0.05), although progression-free survival and overall survival did not differ significantly between groups (data not shown). This analysis suggests that high ANGPTL2 expression in CRC cells is associated with chemoresistance.

![Higher angiopoietin-like protein 2 (ANGPTL2) expression in primary tumor tissues from colorectal cancer patients correlates with a lower objective response rate. ANGPTL2 immunostaining in primary tumors from CRC patients. (a) Representative images of ANGPTL2 low (\<50% ANGPTL2-positive tumor cells; left) and ANGPTL2-high (≥50% ANGPTL2-positive tumor cells; right) specimens. Scale bar = 100 μm. (b) Summary of overall responses to chemotherapy and ANGPTL2 expression in CRC patient specimens. *P* \< 0.05 (Fisher\'s exact test).](cas0105-1550-f6){#fig06}

Discussion
==========

We previously showed that ANGPTL2 enhances acquisition of aggressive phenotypes underlying invasion and metastasis of tumor cells by activating Rac-dependent tumor cell migration,([@b7]) increasing monocyte and macrophage infiltration, and enhancing tumor angiogenesis and lymphangiogenesis.([@b4],[@b6]) In this study, we show that ANGPTL2 also enhances resistance of CRC cells to cytotoxic, antineoplastic drugs by antagonizing apoptosis and that higher ANGPTL2 expression in primary tumor tissues from CRC patients is associated with a lower ORR. We also showed that ANGPTL2 increases *BCL-2* and *BCL-XL* expression through Syk-dependent PI3K--NF-κB activation. This is the first report of a function for ANGPTL2 in promoting survival of tumor cells treated with antineoplastic drugs.

Cytotoxic drugs exert antitumor effects primarily by promoting apoptosis.([@b17],[@b27]) The tumor suppressor p53 promotes cell cycle arrest and/or apoptosis and is a molecular target of some of these drugs.([@b27]) Several reports indicated that 5-FU-induced apoptosis requires p53 activity.([@b27],[@b28]) However, there are several reports that apoptosis occurs in mutant p53 cell lines by an unknown mechanism.([@b29]--[@b31]) SW480 cells, examined here, harbor a loss-of-function mutation in p53, indicating that ANGPTL2-induced anti-apoptotic effects seen in these cells are p53-independent. In addition, it has been reported that epithelial--mesenchymal transition (EMT), which is regulated primarily by transforming growth factor (TGF)-β, contributes to drug resistance.([@b32]) SW480 cells do not undergo an EMT and show attenuated TGF-β signaling due to mutations in TGF receptor 2.([@b33]) Therefore, it seems unlikely that the EMT and/or TGF-β signaling contribute to ANGPTL2-induced anti-apoptotic effects in SW480 cells.

High *BCL-2/BAX* and *BCL-XL/BAX* ratios are inversely correlated with 5-FU sensitivity, independent of p53 status.([@b28]) Accordingly, ANGPTL2-overexpressing SW480 cells show increased expression of *BCL-2* and *BCL-XL* relative to untransfected SW480 cells and may become resistant to cell death because *BCL-2* or *BCL-XL* levels relative to *BAX* are now sufficient to antagonize 5-FU-induced cytotoxicity. The PI3K pathway is a major signaling pathway that promotes cell survival.([@b34]) Here, we show that the induction of *BCL-2* and *BCL-XL* was strongly suppressed by treatment of cells with a PI3K inhibitor, indicating that ANGPTL2 induces expression of *BCL-2* and *BCL-XL* transcripts through PI3K signaling, a conclusion consistent with our previous report that ANGPTL2 activates the PI3K--Akt pathway.([@b35])

The tyrosine kinase Syk, which is expressed in hematopoietic lineage cells, regulates downstream PI3K-AKT signaling pathways.([@b36]) In this study, we also found abundant expression of Syk in SW480/ANGPTL2-1 cells, which may underlie upregulation of cell survival genes.

Syk also reportedly activates NFATc.([@b10]) We previously showed that NFATc activation increased ANGPTL2 expression in human lung and breast cancer cells. Thus, Syk activation may increase ANGPTL2 expression. In agreement with this idea, we found that ANGPTL2 increases its own expression in a positive feedback loop through activating the Syk--NFAT pathway. Recently, we reported that properties of the tumor microenvironment, such as hypoxia and undernutrition, induce ANGPTL2 expression in tumor cells by demethylation of the ANGPTL2 promoter.([@b37]) Taken together, these findings raise the possibility that tumor microenviromental changes drive resistance of tumor cells to antineoplastic drugs by accelerating ANGPTL2-induced anti-apoptotic effects.

In summary, we have shown that ANGPTL2 promotes CRC cell survival after antineoplastic drug treatment by regulating anti-apoptotic BCL-2 family genes through Syk--PI3K signaling. Furthermore, ANGPTL2 positively autoregulated its own expression through the Syk--NFAT pathway (Fig. [7](#fig07){ref-type="fig"}). We also showed that CRC cells expressing relatively high levels of ANGPTL2 may develop resistance to chemotherapy. These findings possibly suggest novel approaches to counteracting chemoresistance based on attenuating ANGPTL2 signaling in tumor cells.

![Model of tumor cell resistance to antineoplastic therapy through angiopoietin-like protein 2 (ANGPTL2) expression. Tumor cell-secreted ANGPTL2 induces spleen tyrosine kinase (Syk), which activates phosphoinositide 3-kinase (PI3K) and nuclear factor of activated T cells c (NFATc). The PI3K pathway activates nuclear factor-κB (NF-κB) signaling and induces expression of anti-apoptotic BCL-2 family members to inhibit apoptosis. In addition, ANGPTL2 upregulates itself through NFATc.](cas0105-1550-f7){#fig07}
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**Fig. S1.** Angiopoietin-like protein 2 (ANGPTL2) expression decreases apoptosis of colorectal cancer cells in response to various antineoplastic drugs.

###### 

**Fig. S2.** Induction of BCL-2 family members in angiopoietin-like protein 2 (ANGPTL2)-expressing or control cells.
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**Fig. S3.** Spleen tyrosine kinase (Syk) knockdown attenuates nuclear factor-κB (NF-κB) activation induced by angiopoietin-like protein 2 (ANGPTL2).

###### 

**Fig. S4.** Integrins α5β1 and αvβ5 are expressed in SW480 cells but do not mediate spleen tyrosine kinase--phosphoinositide 3-kinase--nuclear factor κB (Syk--PI3K--NF-κB) signaling.
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**Fig. S5.** BCL-2 induction is not dependent on the nuclear factor of activated T cells (NFAT) pathway.

**Table S1.** Sequences of primers used in real-time PCR analysis.

**Table S2.** Patient characteristics.
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